The in-plane fl exibility of untopped precast concrete double-tee diaphragms is often ignored in current design practice. The performance of parking structures during earthquakes and subsequent research studies have shown, however, that in-plane fl exibility of diaphragms may contribute to the development of large displacements, a concern for stability. The objective of this paper is to provide designers with a practical approach to judge the linear elastic in-plane fl exibility of discretely connected untopped double-tee diaphragms. Based on the results of detailed fi nite element model analyses of commonly used untopped diaphragms, a simplifi ed rational approximation is used to establish equivalent beam models. Methods of defi ning linear elastic stiffness parameters of the equivalent beam are derived and can be directly used in manual calculations or computer analysis. Compared to a complex fi nite element analysis, the proposed equivalent beam model can predict the linear elastic in-plane diaphragm deformation under wind or seismic load with reasonable accuracy for design. A defl ection calculation example is provided in Appendix B to illustrate the proposed approach.
D
ouble tees are commonly used to form fl oor and roof diaphragms for parking structures, commercial and industrial buildings, and other structures. Two types of diaphragms are used. In some parts of the United States, designers prefer to use discretely-spaced mechanical fl ange-to-fl ange connectors to join adjacent pretopped double tees and create untopped double-tee diaphragms. In other locations and particularly in high seismic zones, however, 2 to 4 in. (51 to 102 mm) thick reinforced castin-place concrete slabs (topping) may be overlaid on double tees and across joints, or they may be combined with mechanical connectors to create connections between double tees and form topped double-tee diaphragms.
Both double-tee fl oor and roof systems were developed primarily for carrying vertical gravity loads, but they are also key elements in transferring lateral wind or earthquake forces to lateral load-resisting systems, such as shear walls. In parking structures, the double-tee diaphragms are divided by ramps into one-bay diaphragm segments. Even though the span-to-width ratio of individual double-tee diaphragm segments often range from 3 to 5, the in-plane flexibility of double-tee diaphragms is often neglected in design practice.
As a result of structural failures that occurred during the 1994 Northridge earthquake, the response of parking structures to seismic events has been the subject of investigation. Observations after the earthquake indicated that the damage to some parking structures may have been caused by gravity loadresisting systems failing due to large lateral displacements (drifts) of the floor at locations away from shear walls. [1] [2] [3] Shear walls were expected to resist lateral loads. Separate column and inverted tee framing, intended to only resist the gravity loads, made up the "gravity load system." Large lateral displacement of the columns, unrestrained by stiff diaphragms, may have led to instability under vertical load.
Subsequent analytical studies 4,5 on topped double-tee diaphragms have indicated that the flexural deformation of individual diaphragm segments caused lateral displacements several times larger than the supporting shear wall story drifts. The structural system used to carry vertical (gravity) loads to the ground is often not designed to be able to sustain such large drifts.
In a recent analytical investigation, 6 the influence of elastic in-plane flexibility of untopped (or pretopped) double-tee diaphragms on the seismic behavior of parking structures was also addressed. That study revealed that:
1. The dynamic response of parking structures with an untopped diaphragm may be substantially different from the dynamic response based on a rigid diaphragm assumption, due to more participation of diaphragm-driven vibration modes; 2. The diaphragm shear forces developed at stories varied with the in-plane flexibility and might be larger than specified values estimated from building code methods; and 3. Predictions of elastic diaphragm deformation show lateral displacement demands on the gravity loadbearing system much larger than would be expected considering only story drift at supporting shear walls. Two studies 5, 6 have suggested using a design procedure that recognizes that a parking structure floor is composed of flexible diaphragm segments.
Some precast concrete designers have argued that double-tee diaphragms should be designed to remain elastic during seismic events. This argument is very convincing when the concept of inelasticity is considered. If yielding is allowed to develop in a precast diaphragm, it is likely to be concentrated within one or a few joints adjacent to shear walls since all joints are normally provided with the same connections and the same strength.
When the deformability of existing mechanical connectors is examined, 6 it becomes obvious that the demand developed in the yielding joints would exceed the limited connector capacities. Thus, maintaining elastic behavior in mechanically connected precast diaphragms seems imperative. For this design approach, the diaphragm shears obtained from model building code estimation procedures need to be increased by an overstrength or magnification factor since they are the design yield values of the lateral load resisting system, not the expected peak values.
This approach for an elastic design load is presented in the Fifth Edition of the PCI Design Handbook. 7 Still, the elastic in-plane flexibility of doubletee diaphragms should remain a major concern in design because of excessive story drifts that may be imposed on gravity load-resisting systems causing instability.
The International Building Code (IBC 2003) 8 and its predecessor, the Uniform Building Code (UBC 1997), 9 clearly stipulate that diaphragms shall not be considered rigid for the purpose of distributing story shear and torsional moment when the maximum lateral deformation of the diaphragm is more than two times the average story drift of the associated story. The average story drift is based on displacement of the loadresisting system, such as shear walls.
Both codes also stipulate that the inplane deflection of the diaphragm shall not exceed the permissible deflection of the attached elements, such as columns. The P-∆ effects on such elements shall be considered. Since there is no information or analytical method suggested in the codes for determining the inplane flexibility of untopped double-tee diaphragms, these code provisions are often not satisfactorily followed.
This paper provides a simple method that designers can use to check deformations in untopped precast concrete double-tee diaphragms. Existing information on diaphragm components and analysis is reviewed, and then the development of a detailed finite element model (FEM) for predicting diaphragm behavior is briefly explained. The development of a simple method, based on the FEM, and using beam modeling for the diaphragm, is shown with example calculations of deformation in a prototype structure.
OBJECTIVES AND SCOPE
This paper presents a simple method for predicting elastic in-plane displacements of untopped double-tee diaphragms, considering both flexural and shear deformation at joints between pretopped precast members as well as within members. First, behavioral simplifications are proposed based on analytical results from detailed planar finite element analysis of typical untopped diaphragms. Then, with those assumptions, the elastic flexural deformation and shear deformation in the pretopped double tees and their flange-to-flange connections are smeared into deformations of an equivalent beam.
The elastic stiffness parameters of the equivalent beam are derived and can be easily used in manual calculations or computer analysis. Shear deformation at the connection of the diaphragm to the remaining lateral load system is also considered and smeared into the shear deformation of the equivalent beam.
The proposed equivalent beam model is intended to provide an easily calculated and reasonable estimate of the elastic in-plane deformation of an untopped diaphragm. The method is suitable for the design of untopped double-tee diaphragms to resist wind and seismic loads.
BACKGROUND
The impact of in-plane flexibility in field-topped double-tee diaphragms on seismic performance of parking structures has been analytically investigated with complex finite element modeling at Lehigh University. 5 The model, however, was based on flexural deformation of topped diaphragms only and did not include shear deformations of double tees or shear sliding in the joints between adjacent mechanically connected double tees.
In follow-up studies, 10,11 static analyses of detailed finite element models were conducted for both topped and pretopped mechanically connected double-tee diaphragms. The analytical model of the diaphragm, including wire and chord steel, was similar to that adopted in the previous research, but mechanical connectors were added using nonlinear springs possessing both tension (axial) and shear resistance. For topped diaphragms, the shear-friction effect due to the steel reinforcement crossing the cracked concrete topping section at the joints was considered and determined by using empirical data.
In the pretopped diaphragm model, contact friction occurring at joints in regions of compression was included by using friction-capable gap elements. The investigation proposed a practical method to calculate elastic in-plane deflection based on an equivalent elastic modulus, determined by calibrating the data with finite element analysis. The equivalent elastic modulus was obtained for three types of connectors.
For other connectors with different properties, the equivalent elastic modulus needs to be determined either by further calibrating with a finite element model or by an interpolating method. For typical "dry" mechanical connection systems preferred in pretopped diaphragms, assuming contact friction at joints in the region of compression may unconservatively estimate a high diaphragm stiffness. Nakaki 12 proposed another rational method for calculating the deformation of diaphragms. The diaphragm elastic flexural stiffness was derived based on the cracked section property of a monolithic diaphragm, which is similar to a cracked beam model. For topped and untopped diaphragms, with discrete cracks along precast panel joints, the elastic tension strength of the reinforcement in cast-in-place topping or the discrete connectors at joints is converted into an equivalent web reinforcement in a monolithic diaphragm.
The elastic modulus of the equivalent web reinforcement is proportioned so that the tension deformation of topping reinforcement, or discrete connectors at joints, can be simulated. A similar treatment, however, is not included for chord steel reinforcing. Therefore, the tension deformation of chord steel near the joints in a discrete cracked diaphragm is not explicitly included in the Nakaki model.
For shear deformation, the Nakaki method does not make a distinction between discretely connected diaphragms and monolithic diaphragms. It simply assumes that the concrete shear modulus, G, is equal to 0.4E and uses the cracked monolithic diaphragm properties to determine the diaphragm shear deformation, regardless of the shear stiffness of discrete connectors across the joints in an untopped diaphragm.
When the method is applied to an untopped diaphragm, the stiffness contribution of the double-tee flange is omitted in the deflection calculation. Thus, for untopped diaphragms, this method does not recognize any beneficial effect on reducing the diaphragm deflection by using thicker double-tee flanges or mechanical connectors with higher shear stiffness. The Nakaki method may not be appropriate for estimating the deformation of untopped diaphragms, especially for common diaphragms with a span-to-width ratio of 3, in which the shear deformation can be a significant source of the total diaphragm deformation.
In a recent analytical investigation on the impact of elastic behavior in untopped double-tee diaphragms, 6 a detailed two-dimensional finite element diaphragm model with discrete mechanical connections between double tees was developed. Planar finite elements were used to model the individual double-tee members. The discrete mechanical connectors joining the double-tee flanges were represented by truss elements (or springs) for axial and shear behavior. The connector properties were determined from experimental data.
The finite element model was used to predict elastic in-plane deformation of a set of untopped double-tee diaphragms. It included both shear deformation in the double-tee members and shear sliding at joints between adjacent members.
Several experimental tests have been conducted on typical mechanical connectors which join double-tee panels. [13] [14] [15] [16] The main focus of most of these experimental studies was on the connector strength, although a few investigators also examined stiffness. 17 One such study that addressed stiffness in detail was a test program recently conducted at the University of Wisconsin-Madison.
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DIAPHRAGM FINITE ELEMENT MODEL
The proposed simple beam model is based on well-defined mechanical connector behavior measured in experimental testing and on experience derived from complex finite element (FEM) analyses of a series of untopped diaphragms with discrete connections. The detailed FEM analysis was carried out using planar finite elements to model double-tee members and special joint elements with the measured discrete connector properties.
Tests have shown that the compression stiffness of a mechanical connector may be ten times the tension stiffness. 6 This high compression stiffness and initial joint gap prevent the concrete flanges from ever coming directly into contact with one another during linear elastic response. This means that only the connector compression and shear stiffnesses needed to be modeled at the joints rather than adding contact elements having a friction-shear component as included in the Farrow and Fleischman model. 10, 11 Using discrete elements to model the mechanical joint connectors posed a particular challenge. In a real flange, the forces transferred through connectors are distributed into the flange concrete gradually through the connectorʼs anchor bars and create a complex threedimensional stress field. Since the connector test results actually included local deformations that occurred in the double-tee flange, the connector elements in the model were joined to a series of nodes in the region around the connector location to avoid the concentrated load and local deformation problem that might occur in the FEM.
When modeling different axial compression and axial tension stiffnesses of chords and mechanical connectors, analytical studies using the detailed finite element model showed that the neutral axis of the diaphragm, with the diaphragm in flexure, was eccentric from the diaphragm center by about 20 percent of the diaphragm depth. An assumption that the compression stiffness of connectors and chords at a joint is the same as the tension stiffness is adopted here to simplify calculations. It places the neutral axis at mid-depth and can overestimate rotation in the joints between double tees, resulting in an overestimate of deflection.
If this incorrect assumption is used, calculated in-plane diaphragm deflections are 20 to 30 percent larger than they should be. This error is compensated for, however, when the model with equal tension and compression connector stiffness is also assumed to have a rigid flange edge (i.e., plane section assumption along joints). The error in predicted diaphragm deformation was reduced to 7 to 15 percent. The flexure results from these three model variations for one diaphragm configuration are listed in Table 1 .
Results from the finite element modeling indicated that a series of modeling assumptions might be acceptable for a simplified beam model:
1. The axial compression stiffness of the connectors and chord steel at joints could be assumed equal to their tension stiffness; 2. The axial force distribution to connectors at a joint, due to flexure of the diaphragm, could be assumed to vary linearly (plane section assumption); 3. The shear force transferred across the joint could be assumed to be uniformly distributed to the connectors at the joint because of the high flange stiffness; and 4. The total deflection of the diaphragm could be assumed as the sum of deflections of a monolithic diaphragm with section equal to the doubletee flanges plus additional deformation caused by shear and rotation in the joints. The assumptions reached on the basis of the finite element results appear to relate well to the physical behavior except for the first assumption. Considering the high transverse stiff- ness that a precast concrete double tee possesses and the low stiffness of the mechanical connectors, the second, or rigid edge assumption appears logical. A similar argument can be made for the third assumption; namely, the tee is nearly rigid compared to the shear stiffness of mechanical connectors. The fourth assumption uses superposition as commonly accepted for linear elastic behavior.
The one assumption that may be questionable is the first. The neutral axis of the joint will not be located at mid-depth under in-plane flexure, as was observed in the accurate FEM model, since the connectors have a higher compression axial stiffness than tension. When considering forces inside the uncracked double-tee flange, however, the neutral axis would be assumed to be at mid-depth because of actual uniform stiffness across the depth (during linear elastic condition). There is a discontinuity between double-tee members and the joints. This may be considered a "disturbed" region making selection of a simple approximate analysis method difficult.
The use of a detailed FEM analysis, with appropriate connector axial stiffnesses, provided a set of initial assumptions for a simplified beam model. A comparison with the detailed FEM analysis is used again later to judge the error and acceptability of the proposed beam model.
EQUIVALENT BEAM MODEL
Consider that a segment consisting of a double-tee member and one joint connection at the right edge of the member is extracted from a complete doubletee diaphragm system (see Fig. 1 ). The connectors that would be on the left side of the member would be included as part of an adjacent segment. Based on elementary beam theory, 18 with an in-plane bending moment M assumed constant over the segment, the flexural rotation, θ 1, occurring in the double-tee panel is:
where b = width of double-tee flange (see Fig. 1 )
of inertia of double-tee flange section (webs ignored) The flexural rotation occurring at the connection joint can be determined using a plane section assumption at the flange edge. Suppose a rotation θ 2 occurs at the joint between two double tees. Then, from equilibrium of forces in the axial direction of the connectors across the joint:
where
Assuming that the compression stiffness of connector and chord, respectively, is the same as their tension stiffness, the neutral axis will be located at the center of the section; thus, y = d/2, where d is the depth of the diaphragm (see Fig. 1 ).
From equilibrium in flexure:
Rearranging Eq. (4) results in the following equation:
Thus, the in-plane flexural stiffness of a joint between double tees, denoted as Ω θ , can be expressed as:
The parameter Ω θ given in this form can be used in general for any diaphragm. Precasters often place connectors closer together near the mid-region of a double tee. Close spacing near the midspan will not be effective in resisting flexure as witnessed by the squared term in the stiffness factor.
If connector spacing is uniform and the same type of connector is used at all locations, the calculation of Ω θ in Eq. (6) can be further simplified by assuming the total axial stiffness of the connectors to be spread uniformly along the connection joint. The K ai terms in Eq. (6) are replaced with K t and K c for the flange connectors and chord connectors, respectively. An additional axial stiffness is present when a chord exists, in excess of the normal flange connector stiffness K t . This is K c -K t when no connector is placed at the chord location.
Eq. (6) becomes:
where α = 1 when a mechanical connector is not placed at the diaphragm edge (normal case), or 0 when a connector is placed at the chord location K c = tension stiffness of chord connection K t = tension stiffness of each flange connector n = number of flange connections (including chord connections) Therefore, the total flexural rotation over the segment, including a double tee and a connection joint, is:
The first term, θ 1 , represents the deformation in the double-tee flanges due to flexure and might be neglected when an axially soft connector is used and the flange is relatively rigid. Then, the flange would be assumed as a rigid body and all of the flexural deformation of the diaphragm would arise from joint deformation. The entire equation will be continued here.
Under a shear force, V, over the segment as shown in Fig. 1(b) , the shear distribution among the connectors is assumed to be uniform. The in-plane shear deflection occurring at the joint can be expressed as:
where K vi = shear stiffness of ith connector Ψ ν = total shear stiffness of connectors at a joint,
If all the connectors are identical, then Ψ v = (n -2)(K v ) when no me-chanical connectors are placed at the diaphragm edges, or Ψ v = nK v when connectors are placed at the chord locations. Closer spacing of connectors near the midspan of double tees will simply add to the shear stiffness.
Note that the shear stiffness of chord connectors is ignored here (conservative) since little information is available to accurately model their stiffness even though the strength contribution can be estimated from shear-friction. A shear term for the chords, similar to that in Eq. (7), could be added if the shear stiffness of chords was known.
The shear deformation occurring in the double-tee panel can be expressed as:
where A = cross-sectional area of a double-tee flange in longitudinal section G c = shear modulus of concrete = E c /[2(1 + ν)] ν = Poissonʼs ratio for concrete (usually taken as 0.17 to 0.3) Thus, the total shear deformation in the segment including a double-tee panel and a connection joint is:
where ∆ 1 = shear deformation of flange ∆ 2 = shear deformation in joint ∆ = total shear deformation of flange and joint Consider that a segment with a length b was extracted from an equivalent beam model of the diaphragm. Based on elementary beam theory, the flexural rotation over the segment of the equivalent beam model is:
where E' = elastic modulus of equivalent beam I' = moment of inertia of equivalent beam, in which the moment is considered constant over the length of the segment The shear deformation over the same segment of the equivalent beam model is:
where A' = cross-sectional area of equivalent beam
modulus of equivalent beam ν' = Poissonʼs ratio of material in equivalent beam, in which the shear is considered constant over the length of the segment To reach deformation equivalence between the equivalent beam model and the diaphragm, the segment of the equivalent beam model and the segment of the double-tee diaphragm must have the same deformation, i.e., θ' = θ and ∆' = ∆. Thus:
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Rearranging Eqs. (14) and (15) and taking the thickness and Poissonʼs ratio of the equivalent beam model as those of the actual double-tee flange yields Eqs. (16) and (17):
where d' is the depth of the equivalent beam, and:
These parameters define the equivalent beam model of the double-tee diaphragm.
The shear deflection from the equivalent beam is smaller than that from an accurate calculation as shown in Fig. 2 . This is attributed to the missing deformation in the left joint where the diaphragm is attached to a support (at location "0" in Fig. 2 ). Since the equivalent beam properties were calculated for the segment in Fig. 1 , the deformation on the left end of the diaphragm is missing. To reach the correct deflection at midspan, the shear sliding at the end support should be smeared into the shear deformation occurring within the equivalent beam model.
A modification of the shear modulus of the equivalent beam model is made and a new equivalent depth d'
and modulus E' are given in Eqs. (18) and (19) :
where k = a joint modification factor k = (m + 2)/m with an even number of double tees k = (m + 2) 2 /m 2 with an odd number of double tees m = number of double tees in diaphragm span being considered The in-plane deflection of untopped diaphragms can be estimated using the equivalent beam either by manual calculation or structural analysis software. For instance, the midspan deflection of a one-span simply supported untopped diaphragm can be calculated using the deflection formula from elementary beam theory.
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The properties of the section, such as A and I, are calculated assuming that the beam section is equal to the longitudinal cross section of the doubletee flange with the equivalent depth d' rather than the actual depth. For more complicated support conditions, structural analysis software can be used with the E' and d'.
METHOD TO ESTIMATE TENSION STIFFNESS OF CHORD STEEL
Diaphragm chord members can actually be created by casting a raised section of concrete, a pour strip or curb, on top of the double-tee diaphragm along two longitudinal edges. Chord steel reinforcement is embedded in this pour strip. The deformation behavior of chord steel members at joints has not been specifically tested in full-scale diaphragm segments. The behavior, however, might be reliably predicted from the engineering properties of the chord steel.
The following proposed method can be used to estimate a conservative chord steel linear elastic tension stiffness in the absence of test data.
The force in the chord steel at the joints will be developed through bond with the flange concrete adjacent to joints. Thus, the tensile stress in the chord steel will vary from a lower value within the double-tee flanges to a higher value or its yield stress at the joints. The development length for the embedded reinforcement to develop its yield strength is defined in ACI 318-02. 19 The stress distribution in embedded reinforcement, at high strains, has been determined by pullout tests. 20, 21 Based on these pull-out test results, the stress distribution in the chord steel on both sides of a joint is simplified as a parabolic curve (see Fig. 3 ).
When the steel is at a stress substantially lower than the yield level, and the concrete surrounding the bar is at a strain below the cracking strain, the stress variation in the reinforcing bar could be significantly different. It is likely that the variation would be the inverse of the parabola shown in Fig.  3 , high where it enters the concrete but rapidly dropping off. An average between those two parabolic distributions might be a linear variation, as indicated by the dotted line in Fig. 3 . A parabolic assumption will provide a low (conservative) chord stiffness estimate.
The linear elastic deformation of the chord steel model between double-tee flanges is controlled by the assumed stress distribution along the chord steel as it becomes anchored in a flange. The deformation can be determined by integrating the chord steel strain over the development length on both sides of the joint and taking the chord deformation as:
where f max = T/A s A s = cross-sectional area of chord steel E s = elastic modulus of chord steel l d = development length of chord steel from ACI T = tension in chord steel Then, the tension stiffness of chord steel at the joint between double tees, K s , can be taken as:
A s E s l d (21) or, if a linear stress is assumed along the anchorage length:
where K s is the chord stiffness.
EXAMPLES AND DISCUSSION
To illustrate and evaluate the equivalent beam method, an example is given for a one-span untopped diaphragm with plan dimension of 120 × 60 ft (36.6 × 18.3 m). The diaphragm is attached to one-story shear walls at both ends, as shown in Fig. 4 . In this example, the double tees are connected to adjacent panels by nine discrete mechanical connectors spaced at 6 ft (1.8 m).
Four types of mechanical connectors are considered, ranging from lightduty type connectors such as a hairpin or bent wing connector, to heavy-duty type connectors such as a structuraltee connector. The characteristic shear behavior of the bent wing connector is shown in Fig. 5 . This connector is similar to a widely marketed commercial connector that has been rigorously tested with test results published. 22 The behavior of the other connectors is described elsewhere. 6, 16 Chords are cast in pour-strips along both longitudinal edges of the diaphragm with three No. 6 (19 mm) embedded steel reinforcing bars. The thickness of the double-tee flange is 4 in. (102 mm) if it is a floor and 2 in. (51 mm) if it is a roof. Concrete strength is taken as 5000 psi (34.5 MPa). Five diaphragm configurations, four as floors, and one as a roof (see Table 2 ), are examined.
Drag beams are assumed to transfer shear forces to the walls at either end of the diaphragm and deformations in the drag beams should be included in normal calculations, but are excluded here to focus on the diaphragm alone. Regardless of the diaphragm type, the total horizontal lateral (in-plane) load on the diaphragm is assumed to be 123.5 kips (549 kN) from an IBC 2003 8 calculation (0.156 times the seismic weight of the diaphragm) uniformly distributed over the diaphragm area. The concrete elastic modulus E c = 4070 ksi (28063 MPa) and Poissonʼs ratio is taken as υ = 0.3. The steel modulus is 29,000 ksi (200000 MPa). Calculation of the midspan diaphragm deflection for one of the cases of this example is illustrated in a stepby-step procedure in Appendix B using the proposed equivalent beam model. The stiffness parameters of the equivalent beams are shown in Table 3 and are based on measured connector properties. 6 In Table 4 , the calculated midspan deflections are tabulated and compared with deflections from the Nakaki method 12 and more detailed planar finite element model analysis.
The equivalent beam deflection predictions are very close to the accurate finite element model predictions. If the double tees were considered rigid [the first term in Eq. (8) being zero] the displacements would be predicted as 7 to 10 percent smaller. The maximum error between the beam model and FEM, nearly 19 percent, occurs in Case 2 where the axially stiff structural tee type connector is used.
Case 5, with the axially stiff studto-plate connector, has a similar error (17 percent). Fortunately, these connectors are not common for practical use because the high axial stiffness causes resistance to volume change in the structure and is likely to result in longterm flange deterioration problems.
The error ranges from 7 to 14 percent on the conservative (overestimate) side in most of the other cases. The only underestimate of deflection occurs in Case 3 due to the plane section assumption at the joint. The thinner 2 in. (51 mm) flange of Case 3 develops more local flange deformation in the FEM analysis due to the discrete connector forces on the thin concrete.
The plane section assumption ignores this deformation and overestimates the diaphragm stiffness. The model developed by Farrow and Fleischman 10, 11 predicted a lower deformation, 0.115 in. (3 mm), for the Case 1 diaphragm. 23 The lower prediction occurs because the Farrow and Fleischman model included a shear-friction component in the joint compression region.
For "dry" mechanical connections in untopped diaphragms, it may be unconservative to assume shear-friction can develop between the flanges because measured connector compression stiffness is very high and the flanges are unlikely to come in contact. Since untopped parking structures use pretopped [4 in. (102 mm) ] double tees, the equivalent beam model appears to be acceptable, and conservative, for parking structure displacement estimates.
In the Nakaki method, 12 the shear stiffness of connectors at a joint is not included in the deflection calculation. The method does not reflect the beneficial effect on reducing the diaphragm deformation from using connectors with a high shear stiffness. The flange thickness of the double tees is actually omitted in the deflection calculation.
Thus, the calculated midspan deflection of a diaphragm with 4 in. (102 mm) thick flanges is the same as that of one with 2 in. (51 mm) thick flanges. Overall, the deflection obtained from the Nakaki method is larger than that from a more detailed finite element analysis or the equivalent beam model.
SUMMARY AND CONCLUSIONS
A simplified deflection analysis was performed to provide precast designers with a practical approach for calculating linear elastic in-plane flexibility and lateral deformation of untopped precast double-tee floor diaphragms that use discrete mechanical flange connectors.
Complex finite element modeling and mechanical connector properties derived from tests served as the basis to develop the simplified analysis method. Simplifying assumptions, justified through the accurate FEM model, led to the development of an equivalent beam model for practical applications. The equivalent model was shown, through example calculations and comparison with the FEM analysis, to provide deflection prediction accuracy within 14 percent of that of a much more complicated and accurate analysis.
Using the proposed equivalent beam model, the flexibility of linear elastic pretopped double-tee diaphragms can be modeled with reasonable accuracy, and deflections can be calculated from conventional beam equations. To achieve a satisfactory analytical model and reflect the flexibility of untopped double-tee diaphragms, both the shear and tension stiffnesses of mechanical connectors are required. The model is appropriate for pretopped diaphragms with:
1 (19) .
The proposed model provides a simplified but reasonably accurate and practical method for predicting the linear elastic deflection of double-tee diaphragms resisting lateral in-plane loading. There is certainly the opportunity to further improve and verify the proposed method through tests on chords, full diaphragm testing, and building field studies. At present, precast concrete diaphragm design should be based on maintaining elastic behavior because of the low deformability of mechanical flange connectors.
Further research is desirable, through testing and analysis, to understand the behavior of precast diaphragms when the linear elastic capacity threshold is exceeded. The likelihood of concentration of inelasticity in a few joints and the accompanying deformation demand during an extreme event level earthquake motion should be identified.
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